Background/Aims: Nodal cilia that rotate in the ventral node play an important role in establishing left-right asymmetry during embryogenesis; however, inv mutant cilia present abnormal movement and induce laterality defects. The mechanism of their motility, which is regulated by dynein activation and microtubule arrangement, has not been fully understood. This study analyzed the dynein-triggered ciliary motion in the abnormal ultrastructure of the inv mutant, aiming to quantitatively evaluate the influence of microtubule mislocalization on the movement of the cilium. Methods: We established a realistic 3-D model of an inv mutant cilium with an ultrastructure based on tomographic datasets generated by ultra-high voltage electron microscopy. The time-variant activation of the axonemal dynein force was simulated by pairs of point loads and embedded at dynein-mounted positions between adjacent microtubule doublets in this mathematical model. Utilizing the finite element method and deformable grid, the motility of the mutant cilium that is induced by various dynein activation hypotheses was investigated and compared to experimental observation. Results: The results indicate that for the inv mutant, simulations of the ciliary movement with the engagement of dyneins based on the distance-controlled pattern in the partially activation scenario are broadly consistent with the observation; the shortening of the microtubules induces smaller
Introduction
Cilia are small microtubule-based cellular appendages that provide sensory and motility functions to the cells or the surrounding fluidic environment [1, 2] , and their dysfunction may induce multiple human genetic disorders [3] . Recent studies found that cilia in the ventral node of the embryo, with a "9+0" ultrastructure, present rotational movement, generate uni-directional flow and thus trigger the establishment of left-right differentiation during embryogenesis [4] [5] [6] [7] [8] [9] [10] . In contrast, mutant nodal cilia with abnormal movement fail to produce the leftward flow and thus induce laterality defects [11] . The mechanism of mutant ciliary motility, which is regulated by axonemal dyneins and microtubule arrangement, remains largely unknown.
Previous theories regarding the dynein-driven motility of cilia mainly include the improved geometric clutch theory [12, 13] , the switching point models [14, 15] , and the curvature control models [16] , which target the beating pattern of "9+2" cilia/flagella. Hilfinger and Jülicher proposed a 3-D description of ciliary dynamics based on dynein motors and microtubule self-organization [17] , and proposed a 3-D computer model of the motive force that is controlled by the sliding velocity [18] . For embryonic cilia with a "9+0" structure, it has also been reported that the distance between adjacent doublets in nine doublet microtubules (doublet MTs) changes during mutual sliding. This change in distance may be the mechanism of transmission of dynein activation in the doublet MTs [12, 19, 20] . These studies provide important contributions to our understanding of the ciliary motility as well as cilia-induced fluid motion [21] [22] [23] [24] [25] [26] [27] [28] . However, most of the current studies are based on wild-type cilia, and investigations of the ultrastructure and motility of mutant cilia, especially mutant nodal cilia, are still lacking.
The inversin (inv) is a protein produced by a gene that contains 15 tandem repeats of the ankyrin motif and plays a key role in left-right determination during mammalian embryonic development [29, 30] . Abnormal movement of nodal cilia was observed in the inv mutant mouse embryo [25] ; thus, the inv mutation provides a new model for studies on the mechanism of ciliary movement. In our previous studies, the distance-controlled hypothesis for dynein activation between adjacent doublet MTs was proposed for wild-type embryonic cilia. This suggested that the smaller interdoublet distance facilitates the formation of dynein bridges, while the dissociation of dynein bridges occurs with increasing distance [31] . In the current study, we established a 3-D model of an inv mutant embryonic cilium based on ultra-high voltage electron tomography and employed the finite element method to calculate dynein-induced mutant ciliary movement. The internal mechanism of the mutant ciliary motility that is simulated by different modes of dynein activation can thus be investigated, and the influence of the axonemal structure on the ciliary movement can be evaluated.
Materials and Methods

Imaging Data Acquisition
This study was approved by the local institutional animal care and use committee (FBS-12-019). ICR mice were obtained from CLEA Japan. Mouse embryos were dissected into phenol red-free Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen). The developmental stage (from early head fold to two-somite) of the embryos was determined on the basis of morphology and the number of somites. Dissected embryos were cultured at 37°C in phenol red-free DMEM supplemented with 75% rat serum (Invitrogen). The experimental data obtained in our previous study [32] were analyzed in the previous and the present studies, which focused on the Taxol-treated nodal cilia and inv mutant cilium, respectively.
To obtain images of the inv nodal cilium, a tomographic dataset with 1.6 nm slice thickness was obtained via an ultra-high-voltage electron microscope (H-3000, Hitachi) operating at 2 MeV (Fig. 1a) . The sections of the sample were set onto Formvar-coated 75-mesh molybdenum grids. To construct tomograms, gold nanoparticles (20 nm) were deposited on both surfaces. Furthermore, evaporation coating of carbon was carried out to prevent charging of sections. Images were captured using an F415S slow-scan CCD camera (4096×4096 pixels). Both 3-D reconstruction and modelling were performed with the IMOD imageprocessing package [33] .
To characterize the dynamic properties of inv ciliary rotation, a high-speed camera and a point-tracking system were applied. The node cavity was filled with phenol red-free DMEM supplemented with 10% fetal bovine serum, and rotation of the node cilium was observed at the apical cell surface of the node cavity for 2 s (100 frames/s) with the use of a high-speed CMOS camera (HAS-500M, Detect). The camera was connected to an Axiovert2 microscope equipped with a 100× oil-immersion objective lens for observation of individual node sections. The specimen was observed with transmitted light from a halogen lamp. Timeseries images were captured at a resolution of 1024 by 992 pixels, with a pixel resolution of 0.082 by 0.082 µm. The recorded video was converted to a series of image frames. The ciliary tip was segmented, and the centroid of this region of interest was tracked to obtain the ciliary tip trajectory.
Establishment of the Realistic 3-D Ciliary Model
The image datasets were processed and segmented (Fig. 1b) in an open-source modelling software suite (IMOD 4.5), to extract the geometric data of each doublet MT and the shape of the ciliary surface (Fig. 1c ). These morphological data were then imported into a mesh generator (CFD-GEOM, ESI Group) to reconstruct the 3-D ultrastructure of the mutant embryonic cilium and to establish the volume mesh (Fig. 1d) . To reduce the computational complexity, the cross-section of doublet MTs is simplified into an ellipse with a major radius of 30 nm and a minor radius of 17 nm [31] . In contrast to the ultrastructure of wild-type cilium, where the nine doublet MTs surround the center line of the ciliary body, the doublet MTs in the mutant cilium show obvious "mislocalization" and significant variation in length. As shown in Fig. 1c-d , the arrangement of doublet MTs near the ciliary root is organized, while mislocalization of MTs occurs in the middle and upper region of the ciliary body. Thus, the nine doublet MTs in the mutant case have been numbered clockwise based on their arrangement near the ciliary root. The doublet MT-1 has the greatest inclination and increase in length, which extends outward between doublets MT-4 and -5 and establishes a branch from the main body of the cilium. Other doublet MTs also show mislocalization, and doublets MT-2, -3 and -9 show the most significant shortening in length. To generate the computational model, unstructured tetrahedral elements were used to discretize the ciliary body, while triangular prisms were applied to generate the volume mesh of the doublet MTs. The model of the inv mutant cilium contains 1, 238, 389 finite elements in total.
Mechanical Properties
The Young's modulus of the doublet MTs has been assigned as 8×10 8 N/m 2 [34] [35] [36] . The mechanical properties of the ciliary cytoplasm are difficult to assess; they can hardly be measured in mutant individuals and may vary greatly among species. In our previous study of nodal cilia, a parameter study was conducted on the cytoplasmic elastic modulus in the range of 5-10 3 Pa [31] . The parameter study proposed that the elastic modulus of 100 Pa is suitable for the ciliary cytoplasm in the node [31] . Thus, in the current study, this value is also employed in the computational model.
When the dynein is activated, the dynein motors located on one doublet MT form a transient dynein bridge to the adjacent counterpart and generate counter-directional forces. The force pushes the target doublet MT to move towards the cilia tip [37] . The functions of the activated dyneins are modelled as pairs of point loads that work in opposite directions. The force exerted by a single axoneme dynein arm is reported to be 1-10 pN [38] [39] [40] . The intermediate value of 5 pN is used in this study. The pairs of point loads act on corresponding sites located on the dynein-located doublet and the target adjacent doublet. The forces of other deactivated dyneins are set to zero. 
Numerical Methods
The finite element method has been applied to numerically solve the complex mathematical models in the complicated geometrical domain of the cilium. In this paper, the entire ciliary domain under investigation can be approximated as an assembly of discrete elements, and the geometry and the displacements of each element are completely described by the geometric positions and displacements of the element nodal points. Dynein forces are embedded on particular element nodes with spatial and temporal arrangements based on various dynein activation hypotheses. Mechanical equations have been solved by a stress solver using CFD-ACE+ (ESI CFD, France). The equilibrium of the system is described as KD=P, (1) where D denotes the node displacement vector, K is the stiffness matrix, and P denotes the load vector. The global stiffness matrix K is assembled by the stiffness matrix of each element. During a simulation, the mechanical forces generated by the activated dyneins are simulated by modifying the load vector P with point loads on particular grid nodes.
The components are treated as elastic continuous materials, utilizing solid-body elasticity analogy [41] to achieve grid deformation. The equation governing the displacement of the internal nodes can be written as (2) where f is the body force and σ is the stress tensor. The body force f is zero because of all the displacement results from the specified boundary node displacements. The strain tensor ε is defined in terms of the displacement vector u:
The stress tensor σ is related to the strain tensor ε as ε = λTr(ε)I+2με, (4) where Tr is the trace operator, I is the identity matrix, and λ and μ are the Lamé coefficients, expressed in terms of material properties as (6) In Eqs. 5 and 6, E is the modulus of elasticity and γ is Poisson's ratio. The governing equation is then rewritten with u as the primitive variable:
Consider the elastic body occupying a bounded region Ω with boundary Γ. The Dirichlet and Neumanntype boundary conditions for mesh motion are imposed by the motion of boundaries and interfaces, respectively, as (9) where Г g and Г h are complementary subsets of Γ. The finite element function spaces are constructed as
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Where H h (Ω) is the finite-dimensional function space over Ω. This space is formed over the element domain using continuous firstorder polynomials in space. During the temporal period, distinct time steps were solved independently, finding
The computational platform we used allows the self-induced deformation and movement of the protein structure system to be calculated.
Results
M o r p h o l o g i c a l Analysis
The ultrastructure of the cilia, especially the morphology of doublet MTs, plays a crucial role in controlling the movement of the cilium [32] . The main ultrastructure of wild-type nodal cilia contains a ring of nine outer doublet MTs, which are approximately evenly distributed around the center. However, mutant nodal cilia often present abnormal structures or mislocalization of the MTs [32] . To understand the mechanism of the abnormal movement of the studied inv mutant cilium, it is necessary to reveal its internal MT mislocalization and establish the relationship between the movement and the morphological Thus, in the current study, a realistic model of the inv cilium was reconstructed based on electron tomography. Fig. 2a presents the distance between adjacent doublet MTs (D mn , where m and n denote the numbers of the adjacent doublet MTs) from the base to the tip of the cilium. The interdoublet distance is measured by the distance between adjacent doublet MTs at the corresponding position with equal arclength along the cilium starting from the base. Different from the equal space between adjacent doublet MTs in wild-type cilia, the inv mutant shows a highly complex variation in the distance between doublet MTs. The lower region of the doublet MTs that is close to the base cell is generally organized, while the upper region shows a high degree of abnormality (Fig. 1c) . Fig. 2b shows the averaged interdoublet distance along the length of the cilium. In general, the distances between most doublet MTs gradually increase from the ciliary base to the tip, while nonlinear. The standard deviation of distances along the ciliary length between doublets MT-2 and -3 was 3.086 nm, which is the minimum among all of the pairs of doublet MTs, while the maximum is 56.53 nm, occurring between doublets MT-1 and -2.
Apart from the distance analysis, twisting of the doublet MTs was also studied. As shown in Fig. 2c , the two angles (α and β) of the cross-section of the cilium along its length were measured. With the centroid of the cross-section of the cilium assigned as the origin, α n , where n indicates the doublet MT number, denotes the angle between each doublet MT and the horizontal direction; while β mn , where m and n indicate the doublet MT numbers, denotes the angle between each pair of adjacent doublet MTs. Fig. 2d and Fig. 2e show α and β, respectively. The value of α along the length of the cilium (Fig. 2d) implies that, different from wild-type doublet MTs, mutant doublet MTs are not perpendicular to the cross-section of the ciliary body. Moreover, comparing Fig. 2e to Fig. 2a , suggests that the variations of interdoublet distances are not exactly consistent with the change in the angle between doublet MTs, indicating the twisting feature of the doublet MTs in the inv cilium. 
The Movement Pattern of the Mutant Nodal Cilium
The rotational cycle of nodal cilia is reported to be approximately 0.1 s [42] . In the recorded video of the inv cilium, a similar movement cycle was measured. By extracting the tip trajectory of the inv cilium, motility that combines rotation and beating was found, while in wild-type cilia, the movement is a nearly circular rotation. The tip amplitude of the rotation of the wild-type cilium is approximately 64% of the ciliary length (converted based on the apex angle of the conic rotation of normal cilia [25] ), while the maximum amplitude for the mutant cilium is up to 51.9% of the ciliary length, and the average amplitude is 22.8% of the ciliary length. Fig. 3a shows the extracted trajectory of an inv cilium. Fig. 3b shows one snapshot of the recorded video, and Video S1 (For all supplemental material see www. karger.com/ 10.1159/000496038/) shows its complete movement.
The movement of the inv mutant cilium is directly related to downstream embryogenesis [43] . Changes in the structural arrangement of doublet MTs in the axoneme strongly affect the regulation of ciliary movement in the mutant cilia; however, so far, the mechanism relating the structure and arrangement of MTs and the motility of the entire cilium has not been fully understood. Thus, based on the 3-D reconstructed model, the motility of the studied mutant cilium is simulated by finite element analysis to investigate the ciliary response of the dynein forces based on the abnormal doublet MT structures. Similar to our previous study [31] , the binding of dynein bridges was assumed to occur from the ciliary base to the tip along each individual doublet; dissociation, on the contrary, and the transference sequence of dynein activation is clockwise among the nine doublets. In our previous study on wild-type nodal cilia, we compared ciliary motility based on various dynein activation patterns along the ciliary length. The dynein attachment and detachment were controlled by linear, sinusoid, circular or elliptical functions, and the sinusoidal function was able to produce circular rotation of the ciliary movement in the computational tests. Thus, in the current study, the sinusoid activation mode is applied as the dynein activation and dissociation pattern. In other words, the attachment/detachment occurs more rapidly near the base of the cilia and more slowly when it is close to the ciliary tip. The function [31] of the sinusoid activation mode is shown as h sine = h n ·sin(k s ·t), (13) where t denotes time with the unit of seconds, h denotes the dynein activation height with the unit of micrometers, and n indicates the doublet MT number. The parameters of Eq.13 are displayed in Table 1 .
In the studied case, we consider the cilium to be at an unloaded equilibrium in the base model. The dynein arms in the inv mutant are reported to be intact [44] ; however, due to the variant distance between the doublet MTs, it is different to determine whether the dyneins can effectively reach the target doublet MTs. Thus, in the current study, two scenarios of dynein activation are proposed: the fully activated scenario considers that all of the dyneins along the doublet MTs can be effectively functioned, while the partially activated scenario suggests that the dyneins can only be functional in particular regions due to the distance between doublet MTs. In silico studies were conducted for both scenarios, and the simulated results were compared to the video-recorded mutant ciliary motion to evaluate the possible mechanical mechanism of the ciliary motility of inv mutants.
Fully activated scenario
In this scenario, all of the dyneins along each set of doublet MTs are assumed to be activated in the cilia. Two types of time control patterns have been considered: timeindependent and time-lapped dynein activations. In the time-independent pattern, the dynein binding in doublets n+1 and n+2 initiates exactly after the dynein attachment finishes between doublets n and n+1, while the time-lapped pattern means the dynein activation in doublets n+1 and n+2 can be initiated before the dynein binding is completed in doublets n and n+1. As discussed in our previous study [31] , the time-lapped pattern is more likely to establish the circular rotation of the nodal cilia. Fig. 4a displays the calculated results of the third periodic tip trajectories of the dyneindriven ciliary motion under the time-independent and time-lapped patterns. In the timelapped pattern, the overlapped time is defined by T L =k•T MT , where, k = 0.6 and T MT is the completion time of the dynein activity along individual doublet MTs, as proposed in our previous study [31] . Although the general trajectory is irregular, both patterns result in a combination of clockwise rotation and planar beating of the cilium. Fig. 4b displays the ciliary tip displacement in these two patterns. By comparing Fig. 4a with Fig. 3a , general rotation and beating patterns can be captured in both of the simulated and observed results; however, the details of the movement present differences. The results indicate that in this scenario, the timing patterns have little effect on the general ciliary movement (Fig. 4a) or the movement magnitude (Fig. 4b) . In our study on wildtype cilia with uniform morphology of doublet MTs, the timing patterns play an important role [31] . This implies that in the mutant cilium with abnormal arrangement of the doublet MTs, the doublet MT structure may have a more significant effect on ciliary movement than the activation timing of the dyneins. In this study, because we focus on the structure-induced ciliary movement, only the time-independent pattern of the dynein activation is investigated in the following simulations.
Partially activated scenario
In this section, different from the fully activated scenario, we assume that only a portion of the dyneins along each doublet MT can be effectively activated. Two patterns are simulated: one assumes that the dynein activation only occurs along 75% of the doublet MT length (from base to tip), where the averaged interdoublet distance reaches 50 nm and increases greatly beyond this height (Fig. 2b) ; the other assumes dynein activation at a specific interdoublet distance, and this critical distance was assigned as 50 nm [32, 45] . The left panel of Fig. 5a shows the third periodic result of the pattern with 75% length of the doublet MTs that possess dynein activation. The overall movement tendency of the cilium (rotation and planar beating) is similar to that in Fig. 4a ; however, the ciliary rotation trajectory is closer to the circular arc shown in Fig. 5a , and the ciliary beating magnitude is smaller. As might be anticipated, the number of dyneins that are directly activated affects the amplitude of the movement, which is the same as that found in wild-type cilia; however, it also affects the movement pattern to some degree in the mutant case, which is possibly related to the abnormal structure of the doublet MTs.
To further investigate the distance-dependent pattern, the distance between doublets was calculated. As shown in Fig. 6 , the ratio of the interdoublet distance variation to its initial value was analyzed. At the initial state, the cilium is immobilized; thus, the ratio is zero. Fig. 6a and Fig. 6b show the interdoublet distance variations along the microtubules when dynein attachment between doublets MT-1 and -2 (Fig. 6c) is the half and full ciliary length, respectively. It can be found that when dyneins are partially activated along doublet MT-1, most of the regions along the microtubules present an increased distance between doublets MT-1 and -2. The most increased portion occurred in the middle part of the doublet, the largest change of which accounted for 89.76% of the initial distance. At the same time, the distance between the doublet pair of MT-2 and -3 decreases; the maximum change is -34.27%. When the dynein bridge binds between doublets MT-2 and -3 (Fig. 6f) , and the dynein arm detaches between doublets MT-1 and -2 at the same time, the interdoublet distance variation continues. Fig. 6d and Fig. 6e show the change in distance at the midpoint and at the end of this period, respectively. As shown in Fig. 6e , the distance between doublets MT-2 and -3 shows the largest increase, and the maximum increase distance is equivalent to 56.07% of 
the initial distance. Meanwhile, the distance between doublets MT-3 and -4 is reduced, and the maximum change is -40.12%. In addition, the distances between other doublets show different patterns of change. The results show that for the inv mutant, the distance between adjacent doublet MTs does not exactly match the distance variation pattern for the wild-type counterpart. The change in the interdoublet distance in the partially activation scenario is similar to that obtained under fully activation, suggesting that the dynein activation number of each doublet MT may not be responsible for the difference in the distance variation between the inv mutant and the wild-type cilia. The right panel of Fig. 5a shows the simulated cilia tip trajectory under the 50 nm interdoublet-distance pattern. To quantitatively compare the similarities of the four simulation results to the observed result, the trajectory pattern and the rotational angle were further studied. The extraction trajectory and the four calculation trajectories are normalized to calculate the rotational angles of the main rotation trajectories. Each trajectory is discretized with equal intervals and divided into four regions by the horizontal and vertical axes of the centroid of the trajectory to calculate the difference of the trajectory distribution between the four computational studies and the observation-extracted data. The percentage difference is defined as (S S -S O )/S O ×100%, where S S denotes the absolute value of the corresponding parameter for the simulated trajectory and S O denotes the observationextracted trajectory. As shown in Fig. 5b , the distance-controlled pattern in the partially activation scenario presents the most similarity to the observed image.
Furthermore, the variations in the angle of each microtubule during ciliary motion are analyzed (Fig. 7) . For mutant nodal cilia, each doublet MT swings during the sliding of a pair of doublet microtubules (Fig. 7a) , which is significantly different from wild-type cilia (Fig.  7c) . Fig. 7b and the variation of interdoublet distance also indicate that the doublet MTs of the mutant cilium swing and twist during the ciliary motion. However, for wild-type cilia, the angle variation is consistent. 
Discussion
In inv cilia, due to the abnormal arrangement of the doublet MTs along the ciliary length, 3-D reconstructed models cannot be well established based on one or several cross-sectional scans of the ciliary body; therefore, tomographic datasets with a series of fine slices along the ciliary length are needed. In the current study, a model of the ultrastructure of an inv mutant cilium was established based on ultra-high voltage electronic tomography. Consistent with other reports [46] , the doublet MTs in this model show turbulent or convoluted structures (Fig. 1c) with no defects in the dynein arms [44] , making the suitable for application in testing dynein activation patterns and in analyzing the ciliary motility affected by the doublet MT structures. Ciliary movement was also recorded by a high-speed CMOS camera that was connected to a microscope. By comparing the simulated ciliary motility to the video recorded results, we evaluated the validity of the proposed dynein activation hypothesis and investigated the morphologic influence of the doublet MTs on ciliary motion.
Based on our previous studies, dynein activation is believed to transfer clockwise among nine doublet MTs. Because the dyneins are intact, two scenarios of the dynein activation capability are discussed. In the fully activated scenario, we investigated two time-controlled models: the time-independent pattern and the time-lapped pattern of the dynein activities along doublet MTs. In comparing the tip trajectory of the computed ciliary movement, both patterns show similarities, while the time phase is slightly different (Fig. 3b) . Since we focus on the movement pattern of the mutant cilium, the time-independent model is considered adequate to simulate ciliary motion. By comparing its results to the video recorded results, it is found that both the rotation and planar beating pattern can be captured by this model in general; however, the magnitudes of movement are not exactly the same. Thus, the partially activation scenario is further discussed.
In the partially activation scenario, the dynein activation region is first assigned to 75% of each doublet MT length. The results indicate that the overall ciliary movement by this 75% partially activation scenario is generally similar to that in the fully activated model; however, the amplitude of movement is smaller, and the movement trajectory of the ciliary tip is closer to a circular arc (Fig. 5a) . By comparing this to the video recorded results, it can be found that the partially activation scenario can produce more similar results for the ciliary motility. More importantly, in our previous study on wild-type cilia, we found that partially activated dyneins may result in a smaller bending magnitude of the cilia but do not influence the moving pattern [31] . These results on the mutant cilium indicate that due to the abnormal structure of the doublet MTs, less activated dyneins also affect the moving pattern to some degree. Moreover, in this case, the ciliary rotation angle is smaller than wild-type nodal cilia, which would weaken the nodal flow produced by the ciliary movement. Some previous studies supported this result [43, 46] . This means that the axonemal morphologic change may affect Cell Physiol Biochem 2018;51:2843-2857 the amount of activated dyneins and thus influence the effective ciliary motility. We assume that this influence on the activated dyneins is due to the interdoublet distance. Thus, the second case studied in this scenario is distance-dependent dynein activation. The critical distance is assigned as 50 nm [32] ; in other words, the distances between doublets may influence the formation of dynein bridges. Detailed distance analysis has been conducted on the partially activation scenario, and the results show that the distance-dependent dynein activation pattern can produce the most similar movement pattern of the inv mutant by comparison to the recorded realistic ciliary movement (Fig. 5b) .
To further reveal the mechanism of the ciliary motion due to the abnormal doublet MTs, the variations in the angle (the value of the difference between the instant α m and its initial value) along each doublet MT during ciliary motion were analyzed (Fig. 7) . The results show that the difference in angle variation of the size between the inv mutant and the wild-type nodal cilia may be due to the magnitude of the movement and the different geometry. For the inv mutant, each doublet MT swings during the sliding of a pair of doublet MTs, whereas the doublet MTs of wild-type nodal cilia only move in a clockwise direction. This suggests that the MT mislocalization affects the angle of doublet MT, and then affects the interdoublet distance, which therefore induces an abnormal movement of the ciliary body. Compared to the "geometric clutch model" [12, 13, 47] , our study shows much difference for the mutant ciliary simulation. The distance between the doublet MTs might be one crucial factor for dynein activation due to the abnormal morphology in the axoneme.
This study simulates the dynein-driven inv mutant ciliary movement based on a tomographic reconstructed model, and evaluates the simulated results in comparison to laboratory observations. As a simplified coarse-grained mathematical model, the current work provides a 3-D computational workflow to test various dynein-activation hypotheses, but it has a few limitations. For instance, only the mechanical influence of dynein arms is considered in the 3-D model. Other transverse connecting proteins, such as nexin, are embedded into the main body that provides continuity to the overall model. Linear elastic properties are assumed in the ciliary cytoplasm, and drag of the surrounding viscous fluid is neglected (in the study of the wild-type nodal cilia, the viscous drag is expected to be small [31] ). These issues are limited by current observation and measurement techniques with for such small-scale transient structures during embryogenesis. When relevant information from biological research becomes available, more accurate computational analysis can be expected. Indeed, for mutant cilia with microtubule mislocalization, precise measurement and visualization of the abnormal axoneme is necessary; however, obtaining electronic tomographic datasets (with 1.6 nm slice-thickness) and videos of the movement of mutant embryonic cilia is extremely challenging. The current study provides a modelling and computational workflow for simulations of dynein-driven ciliary motion based on realistic model reconstruction of mutant nodal cilia. However, due to the limitations of the scanned samples, it focuses on one inv cilium. This study confirmed the rationality of modelling and investigating mutant ciliary movement with severe MT mislocalization. More importantly, it quantified the influence of doublet MT arrangement on ciliary movement and proposed the possible dynein-regulation pattern in inv nodal cilia. Based on this study with a 3-D reconstructed model established via tomographic data, future studies with a larger number of ciliary samples can be achieved by transmission microscopy to draw the generalized characteristics of ciliary moving mechanisms.
Conclusion
This work establishes a three-dimensional model of inv mutant nodal cilia based on electron tomography data that is able to realistically mimic the ultrastructure of the cilium. By applying the finite element method to simulate the dynein-driven ciliary movement, we convert this biological issue into a mechanical model to reveal the possible mechanism of the abnormal movement of the mutant cilia. The results confirm the validity of the distance-Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
